Background: Current standard 12-lead electrocardiogram (ECG) criteria for diagnosing pulmonary hypertension (PH) have a low sensitivity. Although the right-sided chest ECG (V3R V5R) increases the diagnostic accuracy, these additional leads are not routinely recorded. The aim of the present study was to assess the usefulness of the synthesized right-sided chest ECG (Syn-ECG), generated from 12-lead ECG information, in the detection and evaluation of PH.
Introduction
Pulmonary hypertension (PH) is a disease of the pulmonary vasculatures resulting in a progressive increase in the pulmonary arterial pressure, ultimately leading to right ventricular failure and death. For the diagnosis of PH, assessment of the pulmonary arterial systolic pressure (PASP) by right-heart catheterization or transthoracic Doppler echocardiography is necessary. However, these modalities may not be performed unless the diagnosis is specifically sought. The 12-lead electrocardiogram (ECG) is easily performed, inexpensive, and widely available.
The ECG provides suggestive evidence of PH by demonstrating right ventricular hypertrophy (RVH). The current ECG criteria 1 for RVH is based largely on the criteria established by Myers 2 and Sokolow 3 . Those criteria depend primarily on changes in the right precordial leads:
namely, an increase in the height of the R waves, decrease in the depth of the S waves, with an increase in the R! S ratio. Although the proposed criteria have a good specificity between 90 and 100 percent, the sensitivity is inadequately low, ranging from 0.5 to 40 percent 4, 5 .
Myers et al. suggested the use of leads from positions
further to the right of the sternum to increase the sensitivity, and mentioned two instances in which a diagnosis of right ventricular hypertrophy was made from the appearance in V3R 6 . Rosenman et al. found that V4R was essential for the diagnosis of RVH in 5 of 25 cases 7 .
Camerini et al. also reported that the accuracy of the diagnosis of RVH was improved by the use of V4R, which showed a R>S pattern in 27 percent compared with 12 percent in V1 8 . However, these additional ECGs are not routinely recorded because of the time-consuming procedure involved. Recently, a new system that synthesizes the waveforms of these right-sided chest leads from the standard 12-lead ECG information 9, 10 has been developed.
The accordance of these synthesized right-sided ECGs with the actual ECGs has been validated 9, 11 , and the syn- Furthermore, we hypothesized that the degree of abnormality in the synthesized right-sided ECGs may be predictive of the degree of the PH.
Methods

Patients
We reviewed the findings of the transthoracic echocar- Kohden) for analysis.
Generation of Waveforms in the Synthetized Rightsided Precordial Leads and Analysis
The synthetized V3R (Syn-V3R), V4R (Syn-V4R), and V5R (Syn-V5R) ECG waveforms were automatically generated using an automated ECG analysis system (ECAPS18, Nihon Kohden) 9, 10 . In brief, the Syn-V3R, Syn-V4R, and Syn-V5R ECG waveforms were derived by substituting the waveforms of from limb leads I and II and those from the standard chest leads as vectors (Vs) into the following specific equations that included the coefficients representing the relationships between the standard leads and these extended leads: V(Syn-V3R) = α3RIVI
The relationships used for deriving the synthesized right-sided chest lead ECGs were calculated from the QRS samples recorded by the actual right-sided leads and standard leads 9, 10 . The amplitude of the R and S waves in the standard 12-lead ECG and those in the synthesized right-sided ECG were automatically measured.
Statistical Analysis
Continuous variables are expressed as the mean±SD, 
Results
Patient Characteristics
The patient characteristics are presented in Table 1 .
There were no significant differences in the age (64±13 vs. 64±13 years, P=1.00) or gender (male 23% vs. 23%, P= 1.00) between the PH patients and controls. The mean heart rate was 76±13 beats! min in the PH patients vs.
65±12 beats! min in the controls (P=0.001). The interventricular septal thickness (8±1 mm) and diastolic dimension of the left ventricle (40±6 mm) in the PH patients were normal and did not differ from those in the controls. Estimated PASP in PH patients and the controls were 69±29 and 25±3 mmHg, respectively (P<0.001).
Comparison of the ECG Waveforms
The typical waveforms of the standard 12-lead ECG, actual right-sided chest ECG, and synthetized right-sided chest ECG in a PH patient are presented in Figure 2A .
The waveforms of the synthesized right-sided chest ECG were equivalent to those of the actual right-sided ECG, and demonstrated an increased R wave amplitude compared to that in a control patient (Fig. 2B) . Box plots of the R wave amplitudes in the PH and control groups are demonstrated in Figure 3A . The R wave amplitude in the syn-V5R, syn-V4R, and syn-V3R was significantly (P< 0.01) greater in the patients with PH than in the control patients, whereas no such difference was noted for the standard chest ECGs (V1, V2 and V3). The R! S ratio in n=2, V5: n=6, V6: n=11), the R! S ratio in those leads was excluded from the analysis. The R! S ratio in syn-V5R, syn-V4R, syn-V3R, and V1 was significantly greater in the PH patients than in the control patients. The R wave amplitude and the R! S ratio in these four leads in the PH patients were not significantly different among the three conditions that caused PH (p=0.36 0.71).
Correlation between the PASP and ECG Parameters
Scattergrams demonstrating the relationship between the PASP and R wave amplitude in the right-sided chest ECGs are shown in Figure 4 . The R wave amplitude in lead V1 had a significant but modest (correlation coeffi- Table 2 . Overall, the conventional criteria had a high specificity (0.90 1.00) and high positive predictive value (0.50 1.00), but a low sensitivity (0.10 0.46). In con- 
Discussion
Major Findings
To the best of our knowledge, this is the first study to evaluate the synthesized right-sided ECGs in the diagnosis of PH. The diagnostic criteria derived from the synthesized right-sided ECGs had a better sensitivity than the conventional criteria using the standard 12-lead ECG without compromising the specificity. The R wave amplitude in the synthesized right-sided ECGs was significantly correlated with the PASP. These findings suggested that the synthesized right-sided ECG was useful for diagnosing and evaluating PH.
Limitations of Conventional Criteria
The ECG is a component of the general practice for the detection and evaluation of PH. The presence of PH is suspected when the ECG demonstrates suggestive findings of RVH. Although the current American Heart Association ECG criteria 1 for RVH have had a good specificity in studies that included patients with previously diagnosed clinically advanced cardiopulmonary disease, the sensitivity is low, ranging from 10 to 40 percent 4,15 17,23 . In fact, the present study included patients with idiopathic pulmonary arterial hypertension, PH due to chronic pulmonary thromboembolism, and PH secondary to congenital heart disease, and the conventional criteria yielded a high specificity between 90 and 100%, but the sensitivity was insufficiently low, ranging between 15 and 47%. Further, when these conventional criteria were validated in the general population without clinical cardiovascular disease including only 6% of the subjects with mild RVH, the sensitivity became considerably low ranging from 0.5 to 12.5% 5 . Therefore, the current criteria for RVH are not sufficient for screening RVH and PH, not only in the general population but also in patients at high-risk for PH, such as patients with known geneticmutations associated with PH, a scleroderma spectrum of direction (Fig. 6) , and provided a 60% sensitivity and 96% specificity in patients with RVH due to mitral steno- Vectorcardiography can be transformed to the standard Fig. 6 Upper: Typical horizontal plane loop of the vectorcardiography in normal subjects (panel A) and in patients with right ventricular hypertrophy (RVH) (panel B) in relation to the thorax, location, and waveforms of the chest leads. In normal subjects, the vector is initially directed rightward and anteriorly (1), and then turns leftward (2), posterior (3), and then turns rightward (4) and comes back to the origin. In RVH, the horizontal loop exhibits a rightward and anterior deviation. Note that the standard chest leads are located leftward and anterior to the origin of the vector, while those of the additional right chest leads (V3R, V4R, and V5R) are located rightward and anterior. Lower: An analysis by Cowdery et al. 19 based on the voltage of the horizontal loop in the anterior (A), rightward (R), and posterolateral (PL) directions. Table 2 The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of the new and conventional criteria for the diagnosis of pulmonary hypertension or right ventricular hypertrophy Butler index = (maximum R wave amplitude in V1 or V2) + (maximum S wave amplitude in lead I or aVL) -(maximum S wave amplitude in V1) *R wave amplitude in V1+S wave amplitude in V5 or S wave amplitude in V6>1.05 mV 3 .
chest lead ECG. The general relationship between the vectorcardiography and standard chest lead ECG is as follows: when the vector is coming toward the position of a chest lead, the signal of the lead exhibits a positive deflection (=R wave), and when it goes in a direction away from the chest lead, the signal exhibits a negative deflection (=Q or S wave).
Butler et al. translated the vectorcardiographic criteria by Cowdery et al. 19 into the conventional 12-lead ECG 16 .
The On the other hand, the additional right-sided chest leads (V3R V5R) reflect a vector in the rightward and anterior direction. The usefulness of these additional leads has been reported in the past 6 8 . In the present study, the R wave amplitude and the R! S ratio in the synthesized right-sided chest ECGs were significantly greater in patients with PH than in the control patients, and the criteria, an R! S ratio in Syn-V5R>0.42, provided the best diagnostic accuracy with a 73% sensitivity and 87% specificity. Further, the amplitude of the synthesized rightsided chest ECGs exhibited a good and significant correlation to the PASP in the patients with PH.
It may be assumed that precordial lead patterns are derived predominantly from the muscle underlying the electrode. The magnitude of the potential variations recorded by a remote electrode varies inversely with the cube of its distance from the electrical source. It follows that the more remotely an electrode is placed from the heart, the more equally it is influenced by the potential variations of the two ventricles.
In normal subjects, the tricuspid valve is a mid-line structure and the position of V1, the fourth intercostal space at the right sternal border, overlies the right atrium, not the right ventricle 20 . The position for V3R, V4R and V5R is further away from the right ventricle.
Therefore, the signals of the right-sided chest leads are likely to be influenced fairly equally by the potential variations of all parts of the heart. That may be the reason why V5R, which reflects rightward vector better than V3R, was the best lead for predicting PH. On the other hand, since the position for V5 and V6 is close to the left ventricle, the signals from V5 and V6 are likely to be predominantly influenced by the potential variations of the left ventricle. That may be another reason why the criteria derived from V5R were better than those derived from V6, although the vectors to these two leads are almost parallel to each other.
Study Limitations
The present study has several limitations. First, we did not perform a right heart catheterization for the measurement of the PASP. However, most studies report a high correlation between the echocardiographic and direct measurements of the PASP 21 . Second, we did not evaluate the PASP in the 8 control patients because they did not have tricuspid regurgitation. However, the absence of tricuspid regurgitation is quite rare (<5%) in patients with Fifth, the wall thickness of the RV was measured by echocardiography in only 10% of the patients that made us unable to evaluate the correlation between the degrees of RVH and PH in our study population.
Conclusions
The diagnostic criteria derived from the synthesized right-sided chest ECG provided a better diagnostic accuracy than the known conventional criteria from the standard 12-lead ECG. The R wave amplitude in the synthesized right-sided ECG correlated with the PASP. This technique described in the present study may be useful for the diagnosis and evaluation of PH.
